Tensile strength, fracture toughness and impact properties were evaluated in compacted graphite (CG) cast iron with ferritic, pearlitic and ausferritic microstructures. Ultimate tensile strengths for the ferritic and pearlitic samples were 337 and 632 MPa respectively. The austempered samples showed a significant increment in the strength and recording values between 675 and 943 MPa. The fracture toughness test revealed that the stress-intensity factor K IC was 34?0 MPa m 1/2 for the ferritic CG iron, 39?7 MPa m 1/2 for the pearlitic and between 51?0 and 58?0 MPa m 1/2 for the austempered irons. On the other hand, CG iron with ferritic matrix exhibited the best impact properties with absorbed energy of 33?3 J. The absorbed energy of the pearlitic CG iron was the lowest, 14?3 J, while the austempered samples showed values between 17?2 and 28?4 J. Complementing these results, the critical crack size was also analysed.
Introduction
Compacted graphite (CG) cast iron is part of the cast iron family belonging to the Fe-C irregular eutectic system, characterised by an intermediate graphite morphology between the classical flake and nodular graphite irons (FG and NG respectively). Many studies have been performed to elucidate the features of the solidification and the graphite morphological modification in these materials, [1] [2] [3] [4] [5] [6] [7] [8] [9] since the physical, chemical and mechanical properties depend on the graphite morphology, in addition to the microstructure of the matrix. In CG iron, the graphite is interconnected as in the case of the FG iron but exhibiting a compact shape, with rounded tips. Studies performed to determine the compactness of the graphite particles revealed that the ratio between the length L and the width d (L/d) is in the range of 2-10 in CG, while for FG, L/d is .30. 4 These morphological characteristics confer to CG an acceptable mechanical resistance, plasticity and high thermal conductivity. The convergence of these features promotes a higher thermal fatigue resistance, 10, 11 property that allows the use of CG iron in components subjected to thermal shocks. The industrial applications of CG began in the 1960s with the manufacturing of components for heavy vehicles as truck, tractors, passenger cars and cylinder heads for large marine diesel engines. 12 In the last years, the interest in this material has been increasing, particularly in the automotive industry for the production of cylinder blocks for high performance diesel engines, since its better mechanical properties compared with FG iron allow a considerable reduction in the weight of this component. At the same time, it was reported the use of CG iron in railway brake discs in order to improve the braking performance and lifetime. [13] [14] [15] [16] [17] As in the case of austempered ductile iron (ADI), the mechanical properties of CG irons can be improved by means of the austempering heat treatment, which could extend the use of this material to diverse industrial applications. The austempered microstructure is composed of acicular ferrite and high carbon austenite, commonly called ausferrite, and the kinetics of the transformation was studied in previous articles by means of the JohnsonMehl-Avrami formalism. [18] [19] [20] Considering that CG iron is suitable for manufacturing components, which are prone to cracking by thermal fatigue, the present work analyses the tensile strength, fracture toughness and impact properties of this material with ferritic, pearlitic and ausferritic microstructures, obtained by the corresponding heat treatments.
Experimental
Base metal of composition 3?60C-1?80Si-0?10Mn-0?05Cu-0?027P-0?01S-0?040Cr-0?030Ni (in wt-%) was used to produce CG iron in a medium frequency induction furnace using the sandwich technique in ladle. Compacted graphite morphology was obtained by adding 0?4%FeSiMgCeCa alloy (8-10 Mg, 44-47 Si, 0?7-1?5 Ca, 1-1?2 Ce, balance Fe, in wt-%) to the liquid metal at 1450uC.
Electrolytic Cu, FeMn (60 wt-%Mn) and FeSi (75 wt%Si) were added for Cu, Mn and Si balances respectively. The resulting chemical composition in wt-% was as follows: Fe-3?38C-2?56Si-0?48Mn-0?52Cu-0?014S-0?020P-0?035Cr-0?027Ni. Samples for mechanical testing were obtained from 25?4 mm 'Y' blocks (ASTM A-395) cast in sand moulds. Ferritic microstructure was obtained by annealing, heating up to 900uC and cooling in furnace, while for the pearlitic matrix, the cooling was performed in air. Ausferritic microstructures were obtained by austempering heat treatment, austenitising at 900uC for 1 h and posterior, quenching in salt bath held at 300, 350 and 400uC, in that order, during 60 min. Optical and scanning electron microscopes were used for metallographic analysis. As cast microstructure was characterised by means of a Buehler quantitative image analyser with Omnimet Enterprise software. The retained austenite in the austempered samples was measured by X-ray diffraction using Philips PW3710 diffractometer with Cu K a radiation. Single edge notched bend sample (ASTM E399-90 Standard) was used for the fracture toughness test. Mechanical properties were evaluated through tensile tests on samples of 6?25 mm diameter (ASTM E8-98 Standard) using an Instron machine of 15 ton capacity. Charpy impact test was performed on unnotched samples (ASTM A327M-91 Standard) using an AMSLER pendulum impact test machine with capacity of 300 J. Hardness measurements were performed by Brinell procedure using 2?5 mm diameter steel ball and load of 187?5 kg.
Results and discussion
Microstructural analysis Figure 1 shows the as cast microstructure mostly composed by ferrite and small quantities of pearlite.
The results obtained from the quantitative image analyser made in 10 different fields revealed a ratio of ,80% ferrite and ,20% pearlite.
As cast microstructure depends on the carbon equivalent, the alloying elements and the cooling rate. The carbon equivalent of the analysed CG iron was 4?24, close to the eutectic composition of 4?3. Thus, the greater amount of ferrite obeys the low amount of pearlite stabilising alloying elements as Mn and Cu, and the low cooling rate produced by the sand mould.
At the same time as the ferrite/pearlite ratio, it was determined the amount of graphite particles per square millimetre (p mm
22
) and the compacted graphite percentage. Measurements were made in 10 different fields, and the average result was 110 p mm 22 , from which the percentage of compacted graphite was in the range of 85-95% and the nodular graphite between 5 and 15%.
Ferritic and pearlitic microstructures, obtained by ferritising annealing and normalising heat treatments respectively, are shown in Fig. 2 .
The thermal cycling of these heat treatments differs in the cooling rate after the austenitising step. In the ferritising annealing, the cooling is performed in furnace because it should be slow enough to allow the diffusion of carbon from the austenite to graphite particles. In this condition, the austenite remains a carbon concentration close to the equilibrium and will transform to ferrite following the stable Fe-C phase diagram. Conversely, the cooling rate in the normalising heat treatment is higher because it is carried out in air. This fact reduces significantly the carbon diffusion rate, whereby the carbon atoms will not have enough time to diffuse to the graphite particles. For this reason, the carbon content of the austenite is greater than the equilibrium concentration, leading to the eutectoid transformation austenite-pearlite.
The high cooling rate in normalising also promotes the formation of a fine pearlite, as shown in Fig. 2b , where it can be also observed a ferritic halo around the compacted graphite, as occurs in NG iron, denoting that the transformation was not complete.
Ausferritic microstructures obtained by the austempering heat treatments are illustrated in Fig. 3 .
The ausferritic microstructure is composed by ferrite and high carbon austenite. The austempering transformation begins with the nucleation of ferrite needles, which, 1 As cast microstructure obtained in sand mould 2 a ferritic and b pearlitic microstructures obtained by heat treatment during growth, reject carbon atoms into the surrounding austenite, stabilising this phase. The driving force for the transformation is the undercooling generated between the austenitising and the austempering temperatures (T c and T a respectively). At a given T c , the relation between ferrite and high carbon austenite varies with T a , as indicated in the scheme of Fig. 4 reported by Bayati et al., 21 in which the azc field is extended to the range of austempering temperatures.
Applying the lever rule at T a1 , the amount of retained austenite is defined by the relationship AB=AC, while at a higher T a2 , the ratio is A'B'=A'C'. As A'B' is greater than AB and A'C' is lower than AC, it follows that the percentage of retained austenite increases with Ta, and consequently, the amount of ferrite will be lower.
At a lower T a , the nucleation rate of ferrite needles is greater because of the higher undercooling from T c , and consequently, their growth is inhibited. This feature leads to a finer and more acicular microstructure with smaller areas of austenite, as illustrated in Fig. 3a , corresponding to the sample austempered at 300uC. In contrast, the increment of T a reduces the nucleation rate of ferrite needles as a consequence of the lower undercooling promoted. In such situation, the fewer ferrite needles are able to grow enclosing large areas of austenite, forming a vast microstructure, as in the case of the sample austempered at 400uC shown in Fig. 3c .
The variation of the retained austenite with the austempering temperature was measured by X-ray diffraction, being the results recorded in Table 1 . Table 2 reports the values of the tensile and hardness tests for the different CG irons. It is well known that the mechanical properties of CG iron increase with the content of nodules. For this reason, the percentage of compact graphite corresponding to each sample was also included.
Analysis of mechanical properties
Ultimate tensile strength (UTS), yield strength (YS) and hardness for the ferritic and pearlitic CG iron are in agreement with data reported by Stefanescu et al. 22 The high values of UTS, YS and particularly hardness of the pearlitic CG iron can be attributed to the small pearlite spacing, consequence of the fast cooling rate during normalising treatment.
Ausferritic microstructures reported a significant increase in the mechanical properties, noting that UTS, YS and hardness increase as the austempering temperature decreases. This behaviour is because the 
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International Journal of Cast Metals Researchmicrostructure becomes finer and more acicular at lower Ta, as shown in Fig. 3 . On the other hand, the Young's modulus E, which indicates the capacity for elastic deformation of materials, recorded random values with respect to the different matrices, being in the range between 114 and 133 GPa. These results could be ascribed to the arbitrary distribution and the morphological characteristics of the graphite particles, which are embedded in the metallic matrix forming a network. This graphite network generates a significant discontinuity in the matrix, affecting the capacity for elastic deformation.
Compacted graphite iron with ferritic matrix showed the greatest ductility, with elongation of 4?4%, while for the pearlitic matrix, the elongation decreases significantly down to 1?0%. In the case of the austempered matrices, the ductility was directly related to the content of retained austenite. The microstructure obtained at 300uC recorded the lowest value of elongation, 0?8%, as a consequence of the lower amount of retained austenite displayed in Table 1 , while at 350 and 400uC, the elongation increases up to 1?1 and 2?8% respectively.
It is noticeable that the sample austempered at 400uC and the pearlitic recorded close values of UTS and YS. Nevertheless, the elongation of the ausferritic sample was significantly higher, since the presence of austenite in the microstructure confers greater ductility.
Fracture toughness test
Fracture toughness measures the resistance to extension of a crack. This property was evaluated by means of the linear elastic fracture mechanics, which define the stressintensity factor K IC . This parameter represents the inherent ability of a material to resist progressive tensile crack extension. The greater the value of K IC , the higher the stress required to produce rapid propagation and the greater the resistance of the material to brittle fracture. 23 The factor K IC was calculated using the following relationship, given by ASTM E399 Standard
where a is the length of the notch, B and W are the height and thickness of the single edge notched bend sample respectively, and S is the distance between the support roll centres, S54W. Figure 5 illustrates the load-displacement curve obtained for CG iron that shows the evolution of the crack extension because of the action of the applied load.
The load-displacement curve exhibits a non-linear behaviour, reason by which K IC was calculated using the maximum load criterion, assuming that P Q 5P max , as reported in previous works performed in FG iron. 24, 25 The results represented in Fig. 6 The results of the fracture toughness tests have shown a similar tendency to the mechanical strength. Comparing the values of the stress-intensity factor with those obtained in the tensile tests reported in Table 2 , it could be inferred that the higher mechanical strength, the greater fracture toughness, and, consequently, the greater the energy required to propagate the crack.
The metallographic analysis of the areas adjacent to the fracture, illustrated in Fig. 7 , reveals that cracks nucleate mainly around the notch and thereafter propagate through the graphite/matrix interface.
Charpy impact test
Charpy impact test allows determining the toughness of a material, in terms of the absorbed energy because of the effect of dynamic loads. The results illustrated in Fig. 8 indicate that CG iron with ferritic matrix recorded the highest absorbed energy, reporting a value of 33?3 J. Pearlitic CG iron showed the lowest toughness, being its absorbed energy 14?3 J. The irons austempered at 300 and 350uC exhibited absorbed energy of 17?2 and 17?6 J respectively, while the austempered at 400uC recorded an absorbed energy of 28?4 J, close to the ferritic iron. The higher toughness with respect to the other austempered samples is because its greater retained austenite content, which confers major ductility.
Toughness exhibits the same tendency as ductility, reported in Table 2 , indicating that the absorption energy capacity is greater as higher is the ductility.
The analysis of the fracture surface illustrated in Fig. 9 revealed that brittle cleavage mechanism is preponderant in all the samples, as a consequence of the small total plastic deformation that CG iron has. At the same time, decohesive rupture was observed, since the crack propagation occurs preferentially through the graphite/matrix interface, as shown in Fig. 7 . Nevertheless, some areas with dimple rupture denoting ductile fracture were observed in the ferritic CG irons. In the pearlitic and in the austempered CG irons, it can be observed the facets corresponding to the transgranular fracture.
As mentioned previously, CG iron is suitable to manufacture mechanical components subjected to thermal shock or thermal fatigue. Under this operating condition, it is expected that the parts fissure, compromising its performance and integrity. In a previous work carried out in ADI, 26 it was assumed that the critical crack size is proportional to (K IC /s yield ) 2 , whereby (K IC /s yield ) is considered an adequate parameter to estimate the relative toughness of the materials. The critical crack size for each matrix is represented in Fig. 10 , where it can be observed that the ferritic microstructure exhibits the highest value, as a consequence of its greater toughness and ductility reported in the Charpy and tensile tests. The matrices with lower toughness and ductility, as the pearlitic and the austempered at 300 and 350uC, showed a considerable decrease in the critical crack size. The ausferritic microstructure obtained at 400uC, instead, displayed a slight increase in this factor.
Conclusions
Fracture toughness of CG iron with ferritic, pearlitic and ausferritic structures was evaluated to complement the available data concerning tensile and impact properties.
Ferritic matrix showed the lowest stress-intensity factor K IC , indicating its lower resistance to crack propagation. K IC increases with normalising heat treatment; nevertheless, the higher values were recorded for the ausferritic structures, noting that K IC increases as the austempering temperature decreases. The results of the fracture toughness have shown a similar tendency to the mechanical strength; consequently, the higher UTS, the greater K IC .
Another parameter of interest is the critical crack size, measured by (K IC /s yield ) 2 , from which it could be estimated the relative toughness of the material. CG iron with ferritic matrix recorded the greatest critical crack size with respect to the other samples. In the specific case of austempered CG irons, the higher critical crack size was obtained for the sample austempered at 400uC, since its greater content of retained austenite confers higher toughness and ductility.
The fracture surface corresponding to the different matrices was also analysed, observing that cleavage is the main mechanism of fracture. At the same time, decohesive rupture was observed in all samples, since the cracks propagate through the graphite/matrix interface. 9 Fracture surface corresponding to a ferritic, b pearlitic, c austempered at 300uC, d austempered at 350uC and e austempered at 400uC
